During the past 120 years researchers have tried to provide an understanding of the relationship between the arrangement of stiffening tissue in the cross-section of plant stems and their mechanical integrity. The mechanical analysis of vertical stems of self-supporting plants has traditionally been concerned with issues involving global and local stability of the stem, and with stresses developed due to wind loads. Plant stem tissue, considered as a material, is both heterogeneous and highly anisotropic, and this must be reflected in any characterization of its mechanical behaviour. This fact strongly influences the type of failure criterion which should be applied for compressive failure of the stem subjected to loads causing bending. It is shown, here, that applying modern ideas as to the appropriate criteria for compressive failure of fibre-reinforced composite materials can influence how we assess the efficacy of various stelar arrangements concerning their ability to fulfill their mechanical function. Specifically, it is demonstrated that peripheral arrangements of supporting tissue are, in some circumstances, less advantageous than more uniform distributions of this tissue.
INTRODUCTION
Mechanical analysis of the strength, stiffness and stability of plant stems has its foundations in the seminal work of Schwendener (1874) . He modelled plant stems as vertical beams subjected to side loads (mainly wind). The basic ideas of Schwendener were developed and put on a firm analytical basis by Rasdorsky (1926 Rasdorsky ( , 1928 . The only stem tissue taken into account in these analyses was that of the vascular bundles and other relatively stiff cellulosic material in the stem. Soft (e.g. parenchymatous) tissue, in which the fibrous stiff tissue is embedded, was considered to make a negligible contribution to the mechanical integrity of the stem, except insofar as it serves to fix the supporting tissue in its proper place. When considering stem strength, it was assumed that there is some maximum limiting stress, σ f-fail , that the stiff tissue can tolerate. Strength of materials theory was used to calculate the bending moment, M max , which the stem could bear, according to the relationship
Here c is the distance from the centre of the stem to the outermost radius at which stiff tissue is extant, and I f is the second moment of area of the stiff tissue areas which occur in the stem cross-section. Since we will be considering only overall stem cross-sections, for which second moments of area are equal with respect to all axes passing through the centre of the stem, it is convenient to define I f mathematically as
where ρ is the radial distance from the stem axis, and the integration is over all areas of stiff tissue, i.e. the contribution of an element of stiff tissue area to I f is weighted by the square of its distance from the axis. (The word ' axis ' used throughout this paper is not meant in the botanical sense, but rather refers to a theoretical longitudinal centreline passing through the cross-section of a rod-like element.) It is common to denote a section modulus by S l I f \c ; thus this section modulus S, is a measure of the relative merit in resisting stress of a particular stelar arrangement. For example, consider the arrangements shown in Fig. 1 ; each arrangement has 24 identical ' vascular bundles '. One can easily calculate that the second moment of area of (A) is very nearly twice that of (B)-because more of the bundles are further from the stem axis ; and since the distance to the outermost stiff tissue in the two arrangements shown is the same, it is concluded from eqn (1) that arrangement (A) is twice as good as (B). The very simple, and appealing, conclusion is that it is always preferable to have stiff tissue placed as far from the stem axis as possible. The tradition begun by Schwendener (1874) has been carried through to this day (see, for example, Haberlandt, 1914 ; Rasdorsky, 1928 ; Strasburger, 1965 ; Speck and Vogellehner, 1988 ; . In this paper we argue that it is necessary to reconsider the above line of thought. We will show that, from the viewpoint of the mechanical integrity of the stem when subjected to bending, a disperse arrangement of stiff tissue (as shown schematically in Fig. 1 B) may be advantageous. In order to test this hypothesis, it is sufficient to idealize a stem cross-section as being composed of two tissue types only : one stiff in fibrous form, and a second constituting a homogeneous matrix of soft material. It is known that failure of herbaceous plant stems in bending is precipitated by damage on the compression (concave) side of the stem (Niklas, 1992) . We will have recourse to current understanding of the compressive failure mechanisms in highly anisotropic materials. Such compressive failure is characterized by material instability : if the high anisotropy is due to the presence of reinforcing fibres, it is known that the soft matrix in which the fibre is embedded is dominant in determining compressive strength ; fibre strength in compression is not relevant, and indeed even the precise elastic properties of the fibre are of only secondary importance. It is possible to adjust the basic philosophy pioneered by Schwendener (1874) , by simply taking the matrix into account in the calculation ; but this would not be sufficient to reflect the influence of the matrix as described above. Such an approach would only result in eqn (1) being replaced by
where I m is the total second moment of soft tissue, and E m and E f are the Young's moduli in the direction of the stem axis of the matrix and fibres, respectively. It is known that the elastic modulus of stiff tissue in herbaceous plant stems is at least two orders of magnitude greater than that of the soft tissue (Niklas, 1993) . Thus, it is clear from eqn (3) that, even for quite small volume fractions of fibres, no qualitative change in the value of M max is to be expected. However, it must be be emphasized that the situation is not as simple as would appear from the above discussion. Failure of plant stems is clearly not only precipitated by strength criteria in compression as the result of a bending moment. Another extremely important consideration is the overall stability of the plant considered as a columnar structure (Niklas, 1992 (Niklas, , 1995 . If we idealize a plant as a column of uniform cross-section surmounted by a tip mass (Fig. 2, inset) , then it is known that such a structure will become elastically unstable (buckle) at some critical total weight. Denote the total weight of the plant by W, and the fraction of this total weight contained in the tip mass by λ. Then, W t l λW is the tip weight, and W s l (1kλ)W is the weight of the stem, which is assumed to be equally distributed along its length. The total critical weight of the plant at which buckling will occur is given by (Timoshenko and Gere, 1961) . Here L is the length of the stem, (EI) eq is the effective flexural rigidity of the stem given by
and β is a constant varying between 2n47, when the weight of the stem can be considered negligible compared to the weight of the tip mass (λ l 1), and 7n84, when the weight of the tip mass is negligible compared to the weight of the stem (λ l 0). The case for all the mass being uniformly distributed along the stem (λ l 0) was solved and applied to the stability of trees by Greenhill (1881) ; the other extreme (λ l 1) is the classical result found more than a century earlier by Euler. In Fig. 2 we show the values of β as a function of the fraction of the plant weight contained in the tip. The flexural rigidity [eqn (5)] is generally perceived as a measure of the self-supporting ability of a stem (e.g. Rowe, Speck and Galtier, 1993) . Now considering eqn (5), and taking into account that E f E m , it is immediately clear that in order to maximize the total critical weight of the plant it is always better to place the stiff tissue as far from the stem centre as possible, i.e. the arrangement in Fig. 1 A is preferable to that in Fig. 1 B. Note that maximizing (EI) eq is tantamount to maximizing the section modulus for the stiff tissue alone, since we are holding constant the maximum distance from stem centre to a stiff fibre. So as far as o erall plant stability is concerned, the conclusion based on the traditional analysis is valid. One is led to the conclusion that if stability is the limiting factor, then the traditional line of thinking is valid. If stem strength (i.e. resistance to side loads) is the limiting factor then the considerations which we will outline in the next section dominate : a disperse arrangement of fibrous material is advantageous. Thus depending on plant architecture, environmental conditions, etc. the arrangement in Fig. 1 A or the arrangement in Fig. 1 B could be preferable.
Up to now we have neglected considerations of turgor pressure in plant cells, which is known to contribute considerably to the structural integrity for many plants. The simplest approach to taking into account turgor pressure is that of Dierks and Hafner (1987) . Here the entire stem is simply envisioned as a single thin-walled cylindrical pressure vessel. The inner stem tissue is seen as producing some ' pressure ', p, equal to the cellular turgor pressure, which bears on the ' thin walls ' (epidermis and collenchyma) of the pressurized container. This pressure produces a longitudinal tensile stress in the cylinder walls before any bending moment is applied. It is then assumed that the tube walls can tolerate no compressive stress whatsoever, and one calculates the moment exactly required to negate the initial tensile stress. Denote by t and r the wall thickness and radius of the tube to the midpoint of the wall. Then if t r it is found that this moment is
Such a theory sees the precise stelar geometry, the thickness of the thin walls and, indeed, the material properties, as not influencing the capability of the stem to withstand the moment in any way. On the other hand, the generallyaccepted view is that one must perceive the individual cells as small pressure vessels which themselves contain the turgor pressure (Falk, Hertz and Virgin, 1958 ; Hettiaratchi and O'Callaghan, 1978 ; Niklas, 1989) . The tissue is then seen as a material whose dimensions and stiffness are influenced by the turgor pressure. In other words, the turgor pressure in individual cells, which causes stress and strain in the cell wall, does not result in any stress in a tissue sample composed of a large number of statistically similar cells arranged in a statistically homogeneous or periodic fashion. This is so since the term ' stress ', as used here, is defined based on averaging over a representative volume, elements whose dimensions are large compared to that of a single cell. Several investigators have proposed models to explain how turgor pressure influences the dilatation and stiffness of the soft tissue (Falk, Hertz and Virgin, 1958 ; Niklas, 1989 ; Vincent and Jeronimidis, 1991) , and have performed experiments to determine turgor pressure-property relationships (Parrish, Leopold and Hanna, 1982 ; Niklas and O'Rourke, 1987 ; Niklas, 1991 ; Vincent and Jeronimidis, 1991) . This generally-accepted viewpoint, which we will accept here, does imply that the outer tissue of a plant stem can be advantageously pre-stressed due to the turgor pressure, but this pre-stressing is due to the expansion of the turgid soft tissue beha ing as a material. Indeed it is well known that turgor pressure results in pre-stress. This is simply demonstrated by slicing a fresh stem longitudinally into quarters ; each quarter will curve outward (Bower, 1956 ). The implication is that the outermost tissue was in tension ; then, since under bending it is the compressive stress on the concave side of the stem which precipitates failure, the pre-stressing of the stem serves as a ' reserve ' of strength. Such behaviour is not explained by the model represented by eqn (6) ; but pre-stressing in plant stems also results from growth stresses (Kutschera, 1989 (Kutschera, , 1995 . Indeed, it is not clear that for a given turgor pressure one can distinguish semantically between pre-stress due to growth stresses as opposed to that due to turgor pressure ; clearly the two are inextricably intertwined. The ' turgor pressure-growth-residual stress ' triangle has a long history (see Peters and Tomos (1996) for a review). For our purposes, the situation is best capsulized in the following quotation from Sachs (1882) : ' Growth itself must cause states of tension in the layers of a cell-wall or of the tissue of which an organ is composed, if the layers, although firmly united to one another, grow unequally … Since the growth of every organized structure, such as a cell-wall, can only proceed so long as it is permeated with water, and since moreover the growth of the entire cell requires it to be in a turgid condition, and this condition itself has an influence on growth, it is extremely difficult to decide how far each of these phenomena is the cause of the other. ' We make no attempt to distinguish ' cause and effect '. For our purposes, all we need is the recognition that for a given turgor pressure some given distribution of tissue stress exists in a stem. Now, considering the beneficial residual stresses that may exist in a stem at a given turgor pressure, whatever might cause them, we will be able to argue that stelar arrangements as in Fig. 1 B are less sensitive in terms of stem strength to changes in turgor pressure than are arrangements in Fig.  1 A. We will conclude that the strength of a plant stem with dispersed stiff tissue ( Fig. 1 B) is apparently greater than when the stiff tissue is concentrated near the periphery ( Fig.  1 A) , although global stability is improved in the latter case.
Before we consider the nature of compressive failure of stems in bending we must consider one more class of failure mechanisms which further complicates the situation. Our analysis will be based on the classical theory of beam bending. This is also the basis of the traditional analyses ; it is only the material failure criterion which we will reconsider. The classical theory assumes that the beam cross-section does not change shape during the bending process. This assumption can break down within either of two basic scenarios. The first is called local bifurcation buckling-here the behaviour of a tube in bending is linear until at some value of bending moment there is a sudden shape change of the tube wall (Seide and Weingarten, 1961) . The second scenario is non-linear. It is known that when a thin-walled tube is bent its cross-section ovalizes. The result is that the relationship between the applied bending moment and the resulting longitudinal radius of curvature of the tube is not linear. At some critical moment the tube cross-section suddenly collapses inward. Historically, this latter type of local buckling has been the one considered for botanical structures. The relevance of the phenomenon to the integrity of hollow plant stems was already noted by Schwendener (1874) . The basic theory for this type of failure was developed by Brazier (1927) and generalized for the type of tissue properties which are encountered in hollow plant stems by Schulgasser and Witztum (1992) . Recently, this phenomenon has also been extensively studied numerically Spatz and Speck, 1994) . However, even in a non-hollow element ovalization can occur if the constituting tissue is highly anisotropic. Such possible ovalization is considered by Haberlandt (1914) and was observed by MergenthalerPauler (1952) for Cyclamen persicum and Primula officinalis. Niklas (1992) has discussed the possible importance of this failure mode. Schulgasser and Witztum (1992) found the critical Brazier buckling moment for bending of a tube with a soft core [the core-rind construction of many stems (Niklas, 1992) ]. Gibson et al. (1995) and Karam and Gibson (1995) considered this case for both Brazier and bifurcation buckling. We will not take this possible instability at the structural level of the stem into account here ; rather we consider the instability under compressive stress at the material (microstructural) level.
MATERIAL COMPRESSIVE FAILURE
With the advent of modern composite materials composed of aligned, strong, stiff, parallel fibres in a relatively soft matrix (generally glass, graphite or boron fibres in epoxy or polyester matrices) in the early 1960 s, it was quickly realized that the inherent weakness of these materials under compression applied in the direction parallel to the fibres was a serious problem in some applications. It was observed that the dominant compressive failure mode was localized compressive buckling, or kinking. In early papers by Rosen (1965) and Schuerch (1966) , two possible elastic fibre buckling modes were identified and considered. These were denoted as the shear (or antisymmetric) and the extension (or symmetric or transverse) modes, and are illustrated in Fig. 3 A and B , respectively. The analyses of both Rosen and Schuerch indicated that for the shear mode the critical compressive stress is given by
where G eff is the effective axial shear modulus of the composite. The solutions of the two authors for the extension mode differ slightly, but both involve roughly similar relationships involving the Young's moduli of both the fibres and the matrix. For a given volume fraction of fibres, both analyses indicated that the shear (antisymmetric) mode becomes dominant as the ratio of fibre to matrix stiffness increases.
In the intervening years, a great volume of experimental and theoretical work has appeared, which has generally A B F. 3. Buckling modes of a fibre reinforced composite subjected to longitudinal compression. A, Shear (antisymmetric) mode ; B, extension (symmetric, transverse) mode.
indicated that while the critical compressive stress is not exactly predicted by eqn (7), it is nevertheless directly proportional to the effective shear modulus of the composite material. Much of this work is referenced in Guynn, Ochoa and Bradley (1992) , and in Schultheisz and Waas (1996) . In reality, it was found in experiments that failure in real materials usually shows itself by single or multiple kink bands which progress across the width of a material sample subjected to uniform compression (Kyriakides et al., 1995) . The failure pattern observed in the compression of wood in the longitudinal direction is similar (Kollmann and Cote, 1968) . Now let us consider eqn (7) more closely. It has been found experimentally that this equation generally overestimates the actual compressive strength by a factor of between 2 and 5 (Budiansky and Fleck, 1993) . When only the matrix properties were varied in a series of tests it was found that critical compressive stress is proportional-but not equal-to the effective shear modulus (Piggot and Harris, 1980 ; Piggot, 1981 ; Budiansky and Fleck, 1993) . Another early set of experiments which strikingly illustrates the situation was performed by Lager and June (1969) . They tested the longitudinal compressive behaviour for various volume fractions of aligned boron fibres in an epoxy matrix. It was found that when fibre volume fraction is changed from 10 to 50 %, the compressi e strength is approximately only doubled ; this corresponds to the increase in the axial shear modulus. The tensile strength, on the other hand, would increase by almost a factor of five over this range, since the tensile strength is dominated by the quantity of very stiff and strong fibres. Thus we conclude that, for this type of material, the compressive strength does not lie principally in the strength of the fibres ; it lies in the axial shear modulus of the composite which, for other than very high volume fractions of fibres is mainly controlled by the shear properties of the matrix material and only secondarily by the elastic (but not strength) properties of the fibre itself.
For practical applications, eqn (7) should be modified by adding a constant of proportionality
Many theoretical models have been invoked to explain the discrepancy inherent in the constant of proportionality being other than one ; usually these involve considering initial pre-existing imperfections in the alignment of the fibres, partial debonding of the fibres, and\or non-linearities, including plastic deformation, in the behaviour of the matrix. Analyses have also been performed attacking the problem of predicting critical compressive stress of highly anisotropic materials without considering the microstructure of the material. Christensen (1994) provided an asymptotic solution for the limit of large ratios between the longitudinal Young's modulus and the other elastic moduli ; again the critical compressive stress was found to equal the shear modulus. A more general analysis was carried out for the case of instabilities originating at a free surface by deBotton and Schulgasser (1996) which also revealed that as the anisotropy becomes large the critical compressive stress approaches the shear modulus. A similar conclusion is arrived at for the limit of high anisotropy by Geynomat, Mu$ ller and Triantafyllidis (1993) , who considered very general cases including material non-linearity. We are inevitably led to the conclusion that a reasonable criterion for material failure in compression is given by eqn (8).
ANALYSIS AND RESULTS
We now wish to examine various stelar types (arrangements of stiff tissue) in order to show that since compressive failure is due to an instability at a compressive stress proportional to the shear modulus for a highly anisotropic material, a dispersed arrangement of stiff tissue is advantageous. Many different arrangements of stiff tissue distribution are possible. The wide spectrum of known configurations is apparent when we consider the range of stelar classes and subclasses defined by Schmid (1982) . Since our purpose is only to challenge the determination, based on a traditional type of analysis, that it is necessarily preferable to place stiff tissue as far from the stem axis as possible, it is sufficient for us to choose one family of counter-examples which can be handled analytically. We choose as our benchmark system that shown in Fig. 4 . Fig. 4 A will be denoted by f ; we denote by i and o the volume fractions in the inner core and outer region, respectively, for the distribution shown in Fig. 4 B. The total stiff tissue in the two cases will be kept equal. Only the case o i is of interest. Thus, the fraction of the total stiff tissue in the core, f i , satisfies the relationships
We will first consider the case when there are no fibres The benchmark system could model quite well stelar types of the sort designated ' eustele sensu stricto ' by Schmid (1982) . In some stems with this classification, the stiff tissue is more or less uniformly dispersed in the stem cross-section (e.g. Cyperus alternifolius (umbrella sedge), Ferula communis). In others there is a more or less continuous gradation of stiff tissue concentration [e.g. Zea mays (corn), Saccharum officinarum (sugar cane)] with the stiff tissue being relatively sparse near the stem axis and more crowded towards the periphery ; the steepness of this gradation varies from species to species. This latter distribution of vascular bundles is also evident in palm tree stems (Waterhouse and Quinn, 1978 ; Rich, 1987) . We do not deny the fact that whatever the stelar category, there is always a layer of stiff tissue at the outer circumference of the stem, which may include the epidermis and other stiff tissue. This layer sometimes constitutes only a small fraction of the total stiff tissue in the stem cross-section but, on the other hand, it is often quite thick and thus of great significance. But we emphasize that since our main purpose is to test the general validity of the traditional hypothesis in assessing the contribution of stele organization to the stem strength, we will neglect this stiff layer. The benchmark system of Fig. 4 can reasonably suggest how merit values can be attached to the various gradations. In order to make quantitative comparisons, we have chosen the following parameters for our benchmark system in all graphical\numerical presentations of the results : (1) the volume fraction of stiff fibrous material is 0n05 (i.e. 5 %) ; (2) the ratio of the axial Young's modulus of the stiff material to that of the soft matricial material is 200 : 1. The stiffness ratio is a median number based on Niklas (1993) . We also assume that each material is itself isotropic. For the matrix material this is probably a reasonable approximation as far as mechanical behaviour ; for the stiff material less so. However, the stiff fibrous material itself is most certainly anisotropic in the sense that its axial shear modulus is less than that which it would be were it isotropic ; thus the effect we wish to illustrate will be magnified even further, especially when considering high volume fractions of fibres in which case the fibre shear modulus appreciably influences the effective shear modulus of the material. Finally we will choose the Poisson's ratios of both materials as 0n3 ; but the results to be presented are insensitive to the precise choice of this parameter. The material system which we have chosen can be shown to produce a ratio of longitudinal Young's modulus to axial shear modulus equal to about 25 : 1 for tissue in which the stiff phase is uniformly distributed in the cross-section (see equations below). This is about the ratio to be expected globally in a herbaceous stem (Ennos, 1993 ; O'Dogherty et al., 1995) .
We now calculate the ability of the arrangement in Fig.  4 B to withstand bending stress as a function of d i for a given volume fraction of stiff fibres f , if they were distributed uniformly as in Fig. 4 A. We will be interested in the axial normal stress in the annular region. Therefore the equivalent second moment for the section is given by
where E i and E o are the effective axial Young's moduli in the core and annular regions, respectively. We can calculate E i and E o from the expressions (Hashin, 1983 )
According to the arguments in the previous section, the critical compressive stress in the annular region is given by [eqn (8)]
where G o is the effective axial shear modulus in the annular region. G o is well approximated by
and since the fibres and matrix are both taken to be individually isotropic, the shear moduli are given by
where ν is the common Poisson's ratio. Equation (13) is the lower bound for the effective modulus as given by the Hashin bounds (Hashin, 1965) and is known to be a very accurate representation of the effective axial shear modulus when the fibre cross-section is convex and the fibres are uniformly dispersed in a region (Hashin, 1983) . At very high concentrations of fibres this formula may appreciably underestimate the effective axial shear modulus. Since at failure
we can find M max explicitly from eqns (10) to (15). For comparison purposes it is convenient to normalize the maximum permitted moment with respect to that for a uniform dispersion throughout the entire cross-section. Thus we will consider the permitted moment, non-dimensionalized, in the form
This result is plotted in Fig. 5 for the benchmark values of the parameters, when no stiff tissue is found in the core. Also shown there is the normalized effective flexural modulus found by using eqn (5) ; this is a measure of merit in terms of buckling stability. We have also calculated the maximum permitted moments based on the traditional strength criteria [eqns (1) and (2)] ; when these are normalized with respect to the case of uniform dispersion the resulting curves, as is expected, are only very slightly different from those for the normalized flexural modulus, and therefore are not shown. The curves are plotted only until d i \d o l 0n9. At this point the volume fraction of fibres in the outer annular ring is already 26 %, and it is questionable how valid the calculation for M max is much beyond this point, both because the approximation in eqn (13) becomes less accurate and also because equating σ o Q crit to a multiple of G o [eqn (12) ] becomes less reliable. Figure 5 is very instructive. Until d i \d o l 0n5 the loss of strength due to removing the stiff tissue from the centre of the stem is negligible, while the increase in flexural modulus (proportional to overall stability) is more than 25 %. However, as the stiff tissue is moved further outward, the strength begins to fall appreciably. Thus our main contention is confirmed, i.e. since compressive failure is related to an instability involving not only the fibres themselves, but also the matrix in which they are embedded, a stelar arrangement with fibres more distant from the stem centre is not necessarily advantageous if the limiting factor is bending strength. We can further elucidate the nature of the compromise between bending strength and flexural rigidity, if we consider, for a given intermediate diameter d i , the more realistic possibility that f i 0. This is shown in Fig. 6 for the case of d i \d o l 0n8. As the volume fraction of stiff tissue in the core decreases relative to that in the rind, flexural rigidity increases, but on the other hand the strength decreases.
The above results clearly prove our contention.
TURGOR PRESSURE
The analysis in the previous section validates our basic hypothesis ; it is our present purpose to demonstrate that considerations of turgor pressure will not introduce factors which essentially alter the conclusion. In trying to assess the possible influence of stelar arrangement on the ability of a plant to utilize turgor pressure in order to maintain its mechanical integrity, it is very important to view a plant stem starting from the situation when it is fully turgid and in some state of pre-stress, rather than considering the situation from the opposite point of view, i.e. as if we had non-turgid tissue which we then pressurized and subsequently asked how this pressurization would contribute to structural integrity. This is so because, as was pointed out, we cannot hope to separate growth stresses from stresses caused by turgor ; the former develop while the tissue is turgid. The ' normal ' state of pre-stress, known to be advantageous to the plant, is for the turgid state ; we will not question the developmental history which led to this state. We postulate that the stem could somehow achieve any state of pre-stress which would be beneficial to its mechanical performance. We ask the question : if a plant in its ' normal ' state is subjected to water stress so that turgor pressure is reduced, then by what relative factor would the structural integrity of the stem be reduced for the various stelar arrangements ? It is crucial to our argument to clarify this point, and to this end we describe the intuitive approach to the problem. Consider the longitudinal section of the ' stem ' shown in Fig. 7 A ; we have ' soft ' tissue enclosed by a relatively stiff tube ; there is no turgor pressure. We now ' pressurize ' the soft tissue ; the simplistic picture for understanding the situation is shown in Fig. 7 B. Clearly the outer shell is now in a state of axial tension, and any bending moment applied to the stem which results in failure on the compression side must first overcome this residual pre-existing ' good ' stress (in the sense that it is tensile and thus must be overcome before the stress turns compressive), so now the moment which can be applied is greater than that had there been no turgor pressure. We negate this approach ; the system must be taken to contain residual stresses before we begin to analyse the problem.
Consider Fig. 7 C which represents a longitudinal section of a stelar arrangement as idealized in Fig. 4 A, i.e. a uniform distribution of stiff tissue throughout a soft matrix. We offer the following (admittedly artificial) scenario for constructing a plant stem with useful residual stress : again we start with no turgor pressure. Now pressurize the soft tissue, and let this tissue pressure be maintained throughout the process to be described. There is no stress in any representative volume element of the composite. (Such a representative element includes many ' fibres ' and many parenchymatous cells.) Now cut out the ' core ' of material indicated in Fig. 7 C, and maintain the turgor pressure in the tissue both in this core and in the outer tube. Apply axial tension to the outer tube and, while the tension is applied, reglue the core to the tube so that they again form an integral structure. Release the tension. The resulting structure has built-in compression in the central portion, and built-in tension in the outer portion. Any level of prestress can be achieved as long as the stresses are not destructive to the material. When a bending moment is now applied, the resulting compressive stresses (on the concave side) are additive in the core region, while in the outer region the compressive stresses are reduced by the pre-existing tensile stress. Since the stress due to bending at any point in the cross-section is a linear function of distance from the stem axis, we can increase the moment until compressive failure occurs at the outer periphery of the stem or at the outer radius of the core ; which will occur first would depend on the level of pre-stress. Our stem is artificial, and our process is artificial ; it is not intended to mimic nature. But the important point is that nature could have achieved this end, i.e. pre-stressing during cell expansion in the growth stage, by some other scenario. Our scenario is intended only to demonstrate that the existence of pre-stress need not be related to specific tissue distribution. It may be counterintuitive, but we must conclude that there is no a priori reason to consider the idealization of Fig. 7 C to be less advantageous than that of Fig. 7 A.
We now consider again Fig. 4 and start with the assumption that at full turgor pressure both (A) and (B) could conceivably achieve any state of pre-stress which might be beneficial to the plant ; this is possible based on growth stress during development. Now we consider how changes in turgor pressure influence parenchymatous tissue. Both from theoretical models and from experiments, it has been concluded that reducing turgor pressure has two effects : reducing tissue stiffness, and concomitantly causing tissue contraction. (We consider only immediate responses to turgor change ; obviously, in the long term, cell wall properties themselves will be affected.) We will consider these two effects separately.
From Fig. 4 it is clear that if turgor pressure reduction results in reducing rigidity of the soft (parenchymatous) tissue, then the value of G o , and hence of σ o Q crit , for the composite material is reduced. But reduction of the elastic rigidity of the soft tissue will not essentially change the stress in the composite for a given applied bending moment as long as the geometry of stiff tissue distribution is not changed ; this is so since the ratio E i \E o which appears in eqn (10) will be very weakly influenced by changes in the ratio E f \E m , since in any event this latter ratio is very high ( 200). Thus we conclude that rigidity changes of the soft tissue will reduce the strength by about the same percentage, in terms of compressive failure, for any stelar arrangement. We reach the same conclusion as far as reduction of flexural rigidity, based on similar arguments. Now we consider the other effect-contraction of the tissue. Consider Fig. 4 A ; since the entire cross-section is at least statistically homogeneous, at the level of a composite material, contraction of parenchymatous tissue results in no stress whatsoever. It may, however, reduce the compressive strength of the materials, and this possibility will be considered below. Considering Fig. 4 B ; the volume fraction of stiff tissue in the core is less than that in the outer ring ; thus, since the stiff tissue itself does not contract, the core tissue would contract more than the outer tissue if these were not constrained by being joined together. This will result in tensile stresses in the core tissue and compressi e stresses in the outer tissue. If the stem is now bent, such a member is at a disadvantage since it starts with compressive stress at the periphery, which will be added to the compressive stress due to the bending on the concave side. So the distribution of Fig. 4 
DISCUSSION
We have shown that from the point of view of mechanical integrity of a plant stem subjected to bending, it is not necessarily true that optimal construction implies that stiff tissue should be concentrated at, or near, the periphery. Historically, optimality has been associated with such a peripheral arrangement of stiff tissue. But since the earliest work in plant biomechanics it was recognized that many plant stems do in fact deviate from this ' optimal ' arrangement [see Nachtigall (1994) ] and that some explanation should be found. Thus Schwendener (1874) refers to ' not very rational reinforcing systems ', and Haberlandt (1914) to ' irrational constructional peculiarities '. We have argued here that this apparent deviation from the optimal may simply be because what was generally considered optimal in terms of strength is simply not optimal. However, historically, explanations for this situation are based on the recognition that as more of the stiff tissue is located further from the periphery (closer to the stem axis) flexibility increases, i.e (EI) eq decreases. Thus the rationale which has seemingly been accepted for these ' irrationalities ' is that proposed by Rasdorsky (1930) , i.e. that flexibility of the plant stem in and of itself serves to reduce those stresses experienced by that plant stem which might result in failure by a process of ' passive withdrawal from the influence of the wind '. This mechanism, which has recently been referred to as ' passive automatic adjustment ' by Nachtigall (1994) , may operate in some plants. The explanation for the simplest possible case is illustrated in Fig. 8 . Stem flexibility may reduce drag force in the leaf crown by reorienting its presentation to the wind while reducing the moment arm of this drag force. The ' compromise ' involves sacrificing strength and vertical stability in order to attain sufficient flexibility to reduce the bending moment. The idea is appealing, but to our knowledge no quantitative analytical or experimental evidence has been brought in its support. It would be difficult to reconcile this approach using the classical criterion for failure as expressed in eqns (1) or (3) for the case of an element which is vertical, or nearly vertical, in quiescent air. Consider a very simplistic example as illustrated in the inset of Fig. 8 . Suppose that a vertical beam (stem) made flexible by having a stelar arrangement such as in Fig. 1 B , is subjected to a horizontal tip load so that the horizontal deflection of the tip is 50 % of the beam (stem) length L. From large deflection theory (Bisshop and Drucker, 1945) we find that the tip of the beam, due to the load, will descend only by about 0n17 L ; thus the bending moment is reduced by only 17 %. But if the stelar arrangement was as in Fig.  1 A then, as we have noted, the value of (EI) eq would be approximately double, the horizontal deflection of the tip would be reduced to about 0n3 L and the tip would descend only about 0n07 L-thus the bending stress would indeed be about 15 % greater-but according to the classical theory the relevant stress in the fibres would be halved. So, clearly, within the classical approach to failure stress in stems, it is untenable to claim that the arrangement in Fig. 1 B could be an improvement on that in Fig. 1 A because of ' passive automatic adjustment '. However, if the failure criterion is as has been suggested here, then any bending moment reduction due to the ' passive automatic adjustment ' is additive to the advantages already gained by using the arrangement in Fig. 1 B rather than that in Fig. 1 A. It is not our purpose to negate the idea of passive automatic adjustment entirely ; we only wish to point out that demonstrating its validity in self-supporting vertical stems is problematic.
For elements which are very flexible, the concept of passive automatic adjustment is certainly reasonable ; but these situations are not really appropriate to the present discussion. Thus Rasdorsky (1937) gives the example of grass blades ; but these are not designed essentially to resist bending, except to the extent required to bring about solar presentation when not otherwise stressed. Indeed, Vincent (1982) has shown that the grass leaf is an excellent tensile structure, referring especially to its fracture properties in this mode ; such tensile performance may have importance in protecting it against predation by small grazing animals. Similarly, Vogel (1994) discussed reconfiguration of various algae subjected to strong water flow ; again it would be hard to argue that there is, in the design of the alga stipe, a major requirement for bending resistance. We note also the suggestion of Ennos (1993) , that a mechanism of the above sort might be operative for the sedge Carex acutiformis. He points out that the free standing stem of this plant generally sags laterally ; under the influence of wind and, due to the low torsional stiffness of the stem, the plant rotates about the lower portions of the stem thus presenting less frontal area to the wind, reducing the bending moment in the stem, and at the same time, limiting the torsional moment imposed on the lower portion of the stem had the torsional rigidity been greater.
The idea of passive automatic adjustment is related to, but really quite different from and not to be confused with, the reconfiguration concept as applied in another context by Vogel (1989 Vogel ( , 1994 . The difference is best illustrated by considering the situation for trees. Vogel points out that the elements upon which the wind bears-leaves and clusters of leaves-are ' reconfigured ' in strong wind, so that the drag coefficient on the crown, when computed based on a fixed cross-section, is non-constant-decreasing significantly. The ability to reconfigure radically is apparently related to leaf geometry and structure, and additionally to the elastic properties of the petioles (Vogel, 1992) . Thus, the bending moment experienced by the trunk, and the overturning moment imposed on the root system is much less than if the elements loaded by the wind were rigid. In other words the ' reconfiguration ' is not of the plant element which is subject to failure, but of some other element which imposes the load.
Land plants, in their quest for gaining height advantage, have evolved highly anisotropic tissue arrangements in order to achieve the bending stiffness which will ensure stability. But a consequence of the highly anisotropic material is a sensitivity to compressive failure due to local material instability. This ' Achilles' heel ' cannot be ignored when trying to understand the optimality of observed stelar arrangements in plants.
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